Notation
A s cross-sectional area of tensile reinforcement a sb distance between the centroid of beam tensile reinforcement and the extreme tension concrete fibre a sc distance between the centroid of tensile reinforcement and the extreme tension concrete fibre of the columns b b beam width C cc , C cs , T cs force in compressive concrete, compressive reinforcement and tensile reinforcement at column-joint interface, respectively C lc , C ls , T ls force sustained by compressive concrete, compressive reinforcement and tensile reinforcement at the left-hand beam-joint interface, respectively C rc , C rs , T rs force sustained by compressive concrete, compressive reinforcement and tensile reinforcement at the right-hand beam-joint interface, respectively c br neutral-axis depth of right-hand beam at joint interface c c neutral-axis depth of columns d r diameter of steel reinforcement f rotation of columns about the vertical axis after considering joint rotation θ cj angle between column end section and joint interface θ j rigid-body rotation of the joint zone θ rs , θ rb rotation of beam relative to the joint resulting from slip of longitudinal reinforcement from joint and beam flexural deformation, respectively σ c compressive stress of concrete τ e bond stress of reinforcement in elastic stage τ y post-yield bond stress of reinforcement τ 1 , τ 3 maximum and frictional bond stresses of steel reinforcement, respectively
Introduction
Rigid-plastic models have been widely used in the analysis of reinforced concrete (RC) one-way slabs subjected to compressive arch action (Keenan, 1969; Park, 1964; Welch et al., 1999) . In a rigid-plastic model, it is generally assumed that slab segments remain rigid under flexural action, whereas rotations of the segments are concentrated at pre-specified plastic hinges. Furthermore, it is assumed that the steel reinforcement in the plastic hinge regions has yielded, and compressive concrete has attained its ultimate strength. Thus, equilibrium of internal forces at the plastic hinges can be explicitly established by calculating the tension force in the steel reinforcement from its yield strength, and the compression force sustained by concrete through the equivalent compressive concrete stress block. However, these models are not applicable to structural members with compressive steel reinforcement, such as beams and columns, as the stress state of the reinforcement in compression cannot be determined from the model (Park and Gamble, 2000) . Moreover, due to the rigid-plastic assumption, such models can only be used to predict the response of slabs at the post-yield stage of tensile reinforcement, and the response of slabs at the initial elastic stage cannot be estimated.
In recent years, rigid-plastic models have been modified by considering the effect of imperfect boundary conditions and the contribution of compressive reinforcement (Guice et al., 1989; Yu and Tan, 2013) . In these models, the extreme compression concrete fibre is assumed to have attained the ultimate strain, and the strain of steel reinforcement in the compression zone is determined through the plane-section assumption. Later, by assuming a linear strain profile along the beam length, the model was extended to the elastic stage prior to the formation of plastic hinges (Kang and Tan, 2015a) . The compression force sustained by concrete was determined by integrating compressive stresses across the compression zone. Through this model, reasonably good predictions of load capacities were obtained for beam-column sub-assemblages under column-removal scenarios.
A similar concept can also be used for RC beam-column joints subjected to seismic loads. With sufficient stirrups in the plastic hinge regions at the ends of beams and columns and the beam-column joint, shear failure can be prevented and flexural behaviour of the beams and columns is dominant over shear distortion of the joint zone. Experimental tests indicated that shear distortion of the joint zone and shear deformations of the beams and columns only contribute a limited portion to the total deformations of beam-column joints (Lin et al., 2000; Xin, 1992) . Therefore, beam-column joints can be represented by plastic hinge mechanisms. However, in addition to flexural deformations in the plastic hinge regions, slip of the longitudinal reinforcement relative to the joint has to be considered, which requires a proper bond-slip model for steel reinforcement embedded in beam-column joints Lowes et al., 2004) .
This paper describes a rigid-plastic model for RC beam-column joints. In the model, the compatibility condition of the joint is considered by correlating the strains of the steel reinforcement and corresponding slips to flexural deformations of the beams and columns at the joint interfaces. A stress-strain model for concrete is employed rather than a rectangular concrete stress block. Comparisons of the experimental and analytical results indicate that the model yields reasonably good estimations of the load-displacement curves of interior and exterior joints under seismic loads. Furthermore, internal forces and slip of reinforcement at the joint interfaces were also investigated to shed light on the joint behaviour at the sectional level.
Rigid-plastic model for beam-column joints
When subjected to seismic loads, RC joints develop flexural deformations in beams and columns, as shown in Figures 1(a) and 1(b). Two types of loading conditions were considered in developing the joint model presented in this paper. In the first type, a horizontal load was applied to the column top of an interior joint, as shown in Figure 1(a) . Alternatively, a vertical load can be applied to the beam, as shown in Figure 1 (b), which is widely used for exterior joints. Therefore, prior to derivation of the model, different compatibility conditions were considered under the two loading conditions.
Deformations of beams and columns
Based on the rigid-plastic assumption developed by Park (1964) for slab strips, a hinge mechanism was assumed for the joints, in which beams and columns remain rigid and their flexural deformations are concentrated at the joint interfaces.
Figures 2(a) and 2(b) show the deformations of beams and columns in an interior joint. When a horizontal load is applied at the column top, compatibility between columns and the joint zone is established based on the rigid-plastic assumption. At a lateral displacement δ, rotation θ c of the whole column relative to its original position can be determined as 1:
where θ c is the rotation of the columns relative to the vertical position, δ h is the lateral displacement at the column top, l c is the length of the columns between the joint interface and the pin support, and h b is the depth of the beams.
However, due to the presence of adjoining beams, the joint zone develops a rotation θ j with respect to the columns, as shown in Figure 2 (a). This rotation generates a horizontal displacement δ rc at the column-joint interfaces, as expressed in Equation 2. This displacement increases the rotation angle of the columns to θ 0 c .
2:
Thus, the angle of the column end section with respect to the joint interface can be calculated as the difference between θ 0 c and θ j 4:
in which θ cj is the angle between the column end section and the joint interface.
In addition, compatibility between beams and the joint zone can also be established, as shown in Figure 2 (b). With a rotation θ j of the joint zone, the beam-joint interfaces develop a vertical displacement δ rb , given by 5:
Correspondingly, the RC beams experience a rotation θ b due to the joint rotation, expressed by
where l b is the length of the beams between the pin support and the joint interface.
At the beam-joint interfaces, angle θ bj of the beam end section with regard to the joint interface can be quantified using
If a vertical load is applied to the beam, deformations of the joint are different from that shown in Figure 2 . Therefore, compatibility of the joint has to be re-established. zone is assumed to be θ j , and thus rotation of the beam with respect to its original position is 8:
where h c is the depth of columns.
As a result, rotation of the beam end section relative to the joint zone can be determined as
In addition, rotation of the joint generates a horizontal displacement at the column-joint interfaces, as shown in Figure 3 (b), and the displacement can be calculated using 10:
Hence, rotation of the column end section about the joint interface satisfies 11:
Through the rigid-plastic assumption, rotations of the beams, columns and the joint zone can be correlated to each other. However, to calculate the internal forces acting at the joint interfaces, strains of steel reinforcement and concrete need to be quantified, which requires compatibility at the joint interfaces to be established.
Compatibility at joint interfaces
At the joint interfaces, elongation of tensile reinforcement in the columns can be obtained from the compatibility, expressed by 12:
where δ c is the deformation of tensile reinforcement at the column-joint interfaces, c c is the neutral-axis depth of the columns and a sc is the distance between the centroid of tensile reinforcement and the extreme tension concrete fibre of the columns.
In RC beam-column joints, plastic hinges are only formed at the beam ends, whereas steel reinforcement in the columns remains in the elastic stage. In addition, column reinforcement passing though the joint is well-confined by horizontal hoops in the joint zone and slip of the reinforcement can be neglected. Therefore, to determine the strains of the steel reinforcement and concrete fibre, a linear strain profile of tensile reinforcement is assumed along the column height, with zero strain at the pin support and maximum value at the joint interfaces, as shown in Figure 2 (a), and the sum of reinforcement tensile strain along the column height is equal to the elongation of tensile reinforcement at the joint interfaces, as expressed by Equation 13. Accordingly, the strain profile at the column-joint interfaces can be determined based on the plane-section assumption.
13:
Here, ε c is the strain of the tensile reinforcement at the column-joint interfaces. Likewise, total elongation of the tensile reinforcement at the beam-joint interface can be obtained from the rigid-plastic model, expressed by 14:
where δ br is the deformation of the tensile reinforcement in the right-hand beam at the beam-joint interface, c br is the neutralaxis depth of the right-hand beam at the joint interface and a sb is the distance between the centroid of the beam tensile reinforcement and the extreme tension concrete fibre.
In most beam-column joints, plastic hinges form at the beam ends where the tensile reinforcement develops post-yield behaviour. At the post-yield stage of steel reinforcement, slip of the reinforcement relative to the joint zone contributes a significant portion to total joint deformation due to the reduced bond stress (Alsiwat and Saatcioglu, 1992; Sezen and Setzler, 2008) . Therefore, slip of the reinforcement needs to be considered in establishing compatibility at the joint interfaces. The elongation of tensile reinforcement consists of two components -deformation of the reinforcement in the beams and slip of the reinforcement from the beam-column joint, expressed by 15:
where δ bs is the total deformation of the tensile reinforcement in the right-hand beam and s br is the slip of the reinforcement from the joint.
To determine the elongation of the tensile reinforcement in the right-hand beam, different strain profiles are assumed along the beam length at the elastic and post-yield stages. When steel reinforcement remains elastic at the joint interface, the strain profile along the beam length is assumed to be linear between the pin support and the joint interface, with its maximum value at the interface and zero at the pin support, as shown in Figure 2 (b). Hence, strain of the tensile reinforcement in the right-hand beam is correlated to the elongation of the reinforcement, as expressed by Equation 16. Once the tensile reinforcement develops its post-yield strain at the joint interface, a plastic hinge forms at the beam end. Thus, a bilinear strain profile is assumed along the plastic hinge region and the elastic beam segment (see Figure 2 (b)). Correspondingly, the total deformation of tensile reinforcement in the beam can be determined from Equation 17.
16:
Here, ε br is the strain of the tensile reinforcement at the beamjoint interface, ε y is the yield strain of the tensile reinforcement and l pr is the length of plastic hinge, which can be taken as 0·5h b , as suggested by Paulay and Priestley (1992) .
Slip of reinforcement
In addition to elongation of the tensile reinforcement in the beam, slip of reinforcement from the beam-column joint has A simplified model for reinforced concrete beam-column joints under seismic loads Kang and Tan to be considered. As for interior joints, beam reinforcement passing through the joint sustains a tension force at one end and a compression force at the other. Push-pull tests of steel reinforcement anchored in concrete suggest that the bond stresses of steel reinforcement under compression and tension are identical and the steel stress at the centre of the embedment length is nearly zero (Viwathanatepa et al., 1979) . Therefore, it was assumed in this work that steel stress is zero at the centre of the embedment length, whereas slip of the reinforcement and the associated bond stress are mobilised at the section. A similar bond stress profile to that postulated by Lowes et al. (2004) was used, in which uniform bond stresses are assumed along the elastic and post-yield steel segments, as shown in Figure 4 .
The bond-slip model for concrete (CEB-FIP, 1991) was used in this work to calculate the slip at the joint interface. In this model, the maximum and frictional bond stresses and corresponding slips were defined from experimental results. However, the model is only applicable to elastic steel reinforcement. Once plasticity of the reinforcement is initiated along the embedment length, the post-yield bond stress is used over the inelastic steel segment (Kang and Tan, 2015b) . The Poisson effect induced by the cross-section contraction of inelastic steel reinforcement reduces the frictional bond stress by 20-30% (Eligehausen et al., 1983) . Thus, the post-yield bond stress can be taken as 70% of the friction bond stress.
18
: p , respectively, s 1 , s 2 and s 3 are the slips associated with the maximum and residual bond stresses, equal to 1·0 mm, 3·0 mm and the clear rib spacing, respectively, and τ y is the post-yield bond stress of reinforcement.
For a given tensile strain ε br of steel reinforcement at the joint interface, the associated tensile stress can be determined in accordance with a bilinear stress-strain model with hardening behaviour. In the meantime, slip of the embedded reinforcement at the centre of the joint has to be assumed, so that the sum of bond stresses over the embedment length between the joint centre and interface can be equal to the tension force of reinforcement at the joint interface, as expressed by Equations 20 and 21. Note that a debonding zone of reinforcement is assumed near the column face, with length equal to the distance between the centroid of the column longitudinal reinforcement to the nearest column face (see Figure 4) . Over the debonding zone, the bond stress of the steel reinforcement is zero due to the formation of a failure cone near the beam-joint interface.
20:
τ e l be πd r ¼ f s A s
21
:
Here, l be and l by are the lengths of the elastic and yielded steel segments, respectively, d r is the diameter of the steel reinforcement, f s is the tensile stress of the reinforcement at the joint interface and A s is the cross-sectional area of the tensile reinforcement.
Therefore, slip of the beam longitudinal reinforcement at the joint face can be determined from Equations 22 and 23. The calculated slip must be equal to the value obtained from the compatibility at the joint interface.
22
: 
23:
s m þ 0Á5ε y l be þ 0Á5ðε y þ ε br Þl by þ ε br a sc ¼ s br in which s m is the slip of beam reinforcement at the centre of the embedment length.
In interior beam-column joints, the strain of the tensile reinforcement is assumed to be zero at the centre of the embedment length because the reinforcement is subjected to a tension force at one end and compression at the other. However, in exterior beam-column joints, the beam longitudinal reinforcement is typically bent into the joint and the strain and slip of reinforcement at the centre of the embedment length are not zero. Filippou et al. (1983) recommended that the effective embedment length of bent reinforcement can be taken as the sum of its straight portion and five times the rebar diameter. At the free end of the equivalent embedment length, the strain of steel reinforcement is zero, and thus the same bond-slip behaviour as that shown in Figure 4 can be used to determine the slip of the beam reinforcement relative to the joint.
Equilibrium
From the strain of the tensile reinforcement and the neutral-axis depth, the strain profile at the joint interface can be determined in accordance with the plane-section assumption, as shown in Figure 5 . For the steel reinforcement, a bilinear stress-strain relationship with hardening was adopted and assumed to be identical in tension and compression. In calculating the internal forces sustained by concrete, the stress-strain model proposed by Mander et al. (1988) for concrete was used in the rigidplastic model instead of the equivalent concrete compressive stress block. Accordingly, the concrete compression force at the joint interface was quantified through integration of the compressive stress over the compression zone (Equation 24). A similar method can also be used to calculate the bending moment contributed by compressive concrete (Equation 25).
24:
Here, C rc is the compression force sustained by concrete at the right-hand beam-joint interface, C rs and T rs are the forces sustained by the compressive and tensile reinforcement at the right-hand beam-joint interface, respectively, b b is the beam width, σ c is the compressive stress of concrete and M rb is the bending moment at the end of the right-hand beam.
Besides compatibility, force equilibrium at the joint interfaces has to be satisfied. The resulting internal forces acting on each joint face has to be equal to the net axial force in the beams or columns, as expressed in Equations 26-28. Thus, bending moments at the beam-joint and column-joint interfaces can be calculated from equilibrium. Correspondingly, the horizontal load on the columns and the vertical force on the beams can be determined.
26:
Here, C lc , C ls and T ls are the forces sustained by the compressive concrete, compressive reinforcement and tensile reinforcement at the left-hand beam-joint interface, respectively, C cc , C cs and T cs are the forces in compressive concrete, compressive reinforcement and tensile reinforcement at the column-joint interfaces, respectively, and N c is the axial compression force in the columns. 
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Solution procedures
With compatibility, equilibrium and material models for steel reinforcement and concrete, a set of solution procedures was developed for the simplified model. For a beam-column joint subjected to a horizontal load at the column top, the following procedure can be utilised to determine the load-displacement curve. When a vertical load is applied to the beam, an associated vertical displacement δ v has to be assumed and rotations θ bj and θ cj can be determined from Equations 9 and 11, respectively. The foregoing procedure can also be employed to calculate the vertical load.
Validation of the rigid-plastic model
The behaviour of interior and exterior beam-column joints under seismic loads was simulated using the rigid-plastic model. Table 1 summarises the geometric properties and reinforcement details of the interior and exterior joints. Figures 6 and 7 show the envelopes of load-displacement of interior joints tested by Ruitong and Park (1987) and Xin (1992) and the model results; horizontal load was applied at the column top during testing. A comparison of the analytical and experimental results suggests that the model yields reasonably good estimations of the loaddisplacement curves at the ascending and plateau stages. However, as buckling of compressive reinforcement is not A simplified model for reinforced concrete beam-column joints under seismic loads Kang and Tan considered in the model, the decrease in horizontal load prior to failure cannot be accurately simulated. Regarding the exterior joints, vertical load was applied to the beam end. The envelopes of the load-displacement curves reported by Megget (1974) and Scarpas (1981) are compared with the model results in Figures 8 and 9 . Once again, the agreement between the analytical and experimental results is reasonably good. The joint tested by Megget (1974) , with different areas of top and bottom reinforcement in the beam, exhibited significantly different load-displacement responses when subjected to hogging and sagging moments at the beam end, and thus both loading conditions were considered by the model.
Components of internal forces
In addition to the overall load-displacement curves of beamcolumn joints, internal forces acting at the joint interfaces can also be obtained through the rigid-plastic model. Unit 1, tested by Xin (1992) , was analysed using the proposed model. Figure 10 shows the variations in forces sustained by the steel reinforcement and the concrete in the compression zones of columns and beams. A negative value represents compression force and a positive value denotes tension force. In the compression zone of the columns, the forces in the steel reinforcement and concrete increased at the initial stage and were then nearly constant with increasing horizontal displacement, as shown in Figure 10(a) . The maximum compression force in the concrete was 2·36 times that in the steel reinforcement. However, compression forces in the beams displayed showed different variations, as shown in Figure 10(b) . The compression force in the concrete increased to a maximum of 392·4 kN and thereafter decreased gradually due to crushing of the concrete. In the meantime, the compressive reinforcement started to 
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sustain more compression force, and the maximum fraction of the reinforcement force in the total compression force was around 46%. Due to identical top and bottom reinforcement ratios in the beams, the left-and right-hand beams developed the same internal forces at the joint interfaces. By varying the top and bottom reinforcement ratios, the compression force sustained by the steel reinforcement can differ significantly.
Based on equilibrium of the beam-column joint, the horizontal shear force in the joint can be calculated (Paulay and Priestley, 1992) using
in which P c is the horizontal load at the column top and V jh is the horizontal shear force in the beam-column joint. Figure 11 shows the variation of horizontal shear force in the beam-column joint. At the initial stage, the joint shear force was nearly proportional to the horizontal displacement of the column, levelling off with increasing horizontal displacement at the column top. In addition to the total shear force, the portion of shear force transferred by the compressive concrete was calculated and is also shown in Figure 11 . The contribution of the concrete compression force to the total shear force attained a maximum value of 65% at 40 mm horizontal displacement. With a further increase in horizontal displacement, the ratio decreased to around 34% due to crushing of the concrete in the compression zone.
Variations of neutral-axis depths and strains
To investigate the behaviour of beam-column joints at the sectional level, neutral-axis depths and strains of the steel reinforcement and concrete at the joint interfaces were obtained from the rigid-plastic model. Figure 12 shows the variations of neutral-axis depths of beams and columns. It can be seen that the neutral-axis depth at the column-joint interface decreased when the horizontal displacement of the column was less than 15 mm. Thereafter, a nearly constant value of 136 mm was reached. However, the minimum neutral-axis depth of the beam was only 65 mm. It is noteworthy that with increasing horizontal displacement of the column, the beam neutral-axis depth increased slowly due to progressive crushing of the concrete in the compression zone. Figure 13 shows the variations of strains of steel reinforcement and concrete with horizontal displacement of the column. At the column-joint interface, the maximum strain of tensile reinforcement was around 0·0013 (see Figure 13 (a)), much less than its yield strain of 0·0023. In addition, the maximum strain of the extreme compression concrete fibre was only 0·0006. Thus, a plastic hinge did not form at the column-joint interface. However, at the beam-joint interface, the tensile reinforcing bars attained their yield strain at about 20·0 mm horizontal displacement, as shown in Figure 13(b) , and then the strain increased rapidly due to post-yield behaviour. In the compression zone, the compressive strain of concrete increased slowly to 0·0172, whereas the strain of the compressive reinforcement was only 0·0012 -significantly smaller than that of the tensile reinforcement and concrete. These variations in strains agree well with the calculated forces in the compression zone of the beam, as shown in Figure 10 (b).
Based on the calculated strain of the tensile reinforcement, the yield displacement of the beam-column joints can be determined from the analytical model; these are reported in Table 1 . It should be noted that the yield displacement of the A simplified model for reinforced concrete beam-column joints under seismic loads Kang and Tan interior beam-column joints refers to the average value of horizontal displacement at which the top and bottom reinforcement of the beam attained the yield strength whereas, in exterior joints, it represents the displacement at which the beam top reinforcement yielded. The average ratio of calculated to measured yield displacements was 1·12, with a coefficient of variation of 14%. Thus, the yield displacement of beam-column joints is slightly overestimated through the model. However, the yield displacement of exterior joints tested by Scarpas (1981) was not provided and only analytical values are included in Table 1 .
Components of joint deformations
Under cyclic loading conditions, RC beam-column joints experience significant deformations. As shear distortion of the joint zone and shear deformations of beams and columns are neglected in the rigid-plastic model, total deformations comprise two components -the deformations of beams and columns. Figure 14 shows the rotations of beams and columns relative to the joint zone. Note that the total rotation of the beams includes flexural deformation and the rotation induced by slip of the beam longitudinal reinforcement embedded in the joint zone. With increasing horizontal displacement at the column top, the rotation of the beams kept increasing, whereas rotation of the columns increased to a value of 0·0022 rad at about 20 mm horizontal displacement and then remained nearly constant. In terms of the ratio of beam rotation to total rotation of the joint, the ratio increased from 0·76 to 0·96 when the horizontal displacement at the column top varied from 10 mm to 125 mm, indicating that rotation of the joint started to concentrate at the beam-joint interfaces. (Scarpas, 1981) and analytical load-displacement curves of exterior joints: (a) unit 1; (b) unit 2; (c) unit 3
Slip of steel reinforcement
Slips of the beam longitudinal reinforcement at the centre of the embedment length and the joint interface were calculated using the bond-slip model. Figure 15 shows the variations in reinforcement slip in relation to horizontal displacement at the column top. At the elastic stage of steel reinforcement, the slip at the centre of the embedment length was close to that at the joint interface, as shown in Figure 15 . When the top reinforcement yielded at the beam-joint interface at 20 mm horizontal displacement of column, the slip at the joint centre was only 0·41 mm. Once post-yield behaviour of the steel reinforcement commenced, the slip at the joint interface increased rapidly to 7·63 mm due to inelastic elongation of the reinforcement, whereas the slip at the joint centre remained limited to only 0·79 mm -less than the slip associated with the maximum bond stress. Therefore, pull-out failure of the beam reinforcement did occur in the joint zone, as the maximum bond stress between the steel reinforcement and concrete had not been attained along the elastic steel segment.
With slip of the tensile reinforcement at the joint interface, the total rotation of the beams with regard to the joint can be decomposed into two components -reinforcement slip and flexural deformation of the beams. These two components can be calculated using 30: 
where θ rs and θ rb are the rotations of beams relative to the joint resulting from, respectively, slip of longitudinal reinforcement from the joint and beam flexural deformation. Figure 16 shows the variation in beam rotations due to reinforcement slip and flexural deformation. At the beam-joint interface, the components of beam rotation induced by flexural deformation and reinforcement slip increased with increasing horizontal displacement at the column top. The maximum rotation caused by beam flexural deformation was 0·035 rad. In addition, the figure shows that slip of the longitudinal reinforcement in the beam contributed an increasingly greater portion to total rotation of the beam relative to the joint. The maximum ratio of beam rotation induced by reinforcement slip to the total rotation was around 37%. Therefore, if slip of the reinforcement embedded in the beam-column joint is not considered in the model, much stiffer behaviour is predicted.
Discussion of the joint model
The rigid-plastic model proposed by Park (1964) assumes that the steel reinforcement has yielded and the concrete has; thus, only the plastic behaviour of beams or slabs could be predicted. Furthermore, the slip of the longitudinal reinforcement relative to the joint was not considered and therefore the estimated load-displacement response was fairly stiff. In the proposed joint model, a bilinear stress-strain curve is assumed for the steel reinforcement, and the stress-strain model for concrete proposed by Mander et al. (1988) is utilised instead of an A simplified model for reinforced concrete beam-column joints under seismic loads Kang and Tan equivalent rectangular compressive stress block to calculate the compression force sustained by the concrete. Therefore, the load-displacement curve of the beam-column joint can be determined at the elastic stage. In addition to the concrete model, the proposed model also considers slip of the beam longitudinal reinforcement embedded in the joint. Elastic and post-yield bond stresses determined by Kang and Tan (2015b) are used to determine the slip of longitudinal reinforcement at different stages. Accordingly, good agreement between experimental and analytical results can be obtained.
However, the simplified model has several limitations. During analysis, the beams, columns and joint zone are assumed to remain rigid and shear deformations are neglected. Therefore, the model is only applicable to beam-column joints with adequate stirrups, as shear failure of the joints cannot be predicted. In addition, only the force-displacement envelope can be obtained for interior and exterior beam-column joints subjected to lateral loads, whereas the whole response under cyclic loadings cannot be simulated. As a result, the accumulation of damage under cyclic loading conditions is not considered, which may result in overestimation of the applied load.
Conclusions
An analytical model for RC beam-column joints under seismic loads has been described. In the model, the beams, columns and the joint are assumed to remain rigid and flexural deformations are concentrated at the joint interfaces. Strains of steel reinforcement and concrete are determined from the compatibility condition at the joint interfaces, and slips of beam longitudinal reinforcement embedded in the joint are taken into consideration. Furthermore, forces acting at the joint interfaces are calculated by means of stress-strain models of steel bars and concrete. The model was validated using previously obtained experimental results of interior and exterior beam-column joints under seismic loads. In addition to the load-displacement envelopes, neutral-axis depths and strains at the joint interfaces can also be obtained through the model to gain insight into the joint behaviour at the sectional level. The model can also be used to estimate the yield displacement of beam-column joints and to quantify the forces transferred through the steel reinforcement and the concrete into the joint zone. The model therefore enables further analytical study of the behaviour of a joint zone subjected to horizontal shear forces. 
